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Abstract

Deuterium metabolic spectroscopy (DMS) and imaging (DMI) have recently been described as 

simple and robust MR-based methods to map metabolism with high temporal and/or spatial 

resolution. The metabolic fate of a wide range of suitable deuterated substrates, including glucose 

and acetate, can be monitored with deuterium MR methods in which the favorable MR 

characteristics of deuterium prevent many of the complications that hamper other techniques. The 

short T1 relaxation times lead to good MR sensitivity, while the low natural abundance prevents 

the need for water or lipid suppression. The sparsity of the deuterium spectra in combination with 

the low resonance frequency provides relative immunity to magnetic field inhomogeneity. Taken 

together, these features combine into a highly robust metabolic imaging method that has strong 

potential to become a dominant MR research tool and a viable clinical imaging modality. This 

perspective reviews the history of deuterium as a metabolic tracer, the use of NMR as a detection 

method for deuterium in vitro and in vivo and the recent development of DMS and DMI. 

Following a review of the NMR characteristics and the biological effects of deuterium, the 

promising future of DMI is outlined.
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Introduction

Non-invasive imaging is an essential part of modern medicine. Magnetic resonance imaging 

(MRI) is a commonly used modality due to its non-invasive nature, superb soft tissue 

contrast and wide array of unique contrast mechanisms that include, in addition to intrinsic 

NMR parameters (T1, T2), diffusion, perfusion, magnetic susceptibility and exchange. 

Despite the success of MRI in clinical decision making, the MRI signal ultimately reflects 

water and its properties and does not provide insight into metabolism. A number of 

pathologies, including cancer, neurodegenerative diseases and diabetes, are accompanied by 

changes in metabolism that can benefit from early detection or improved characterization 

with imaging techniques that are sensitive to metabolic processes. Although several 

metabolic imaging techniques are available, only fluorodeoxyglucose (FDG) positron 

emission tomography (PET) can be considered a routine clinical method. FDG-PET relies 

on the transport and subsequent accumulation of FDG into cells, in which image contrast is 

generated when pathological tissue accumulates FDG in larger amounts that the surrounding 

tissue. Whereas superb image contrast can be achieved for tumors throughout most of the 

human body, FDG-PET is somewhat limited in detecting and studying brain tumors where 

the high FDG uptake in normal brain tissue greatly reduces the image contrast.

A number of MR-based metabolic imaging techniques are available, including 1H MR 

spectroscopic imaging (MRSI), 13C MRS and hyperpolarized 13C MRSI. Proton MR 

provides the highest MR sensitivity and has been used to generate high-resolution 

metabolite-specific maps (1). While 1H MRSI can provide high-quality data in the hands of 

MR experts, it has never reached a level of robustness that is needed in a clinical setting. 

This is primarily caused by the technical challenges related to water and lipid suppression, 

magnetic field homogeneity and signal quantification. In addition, 1H MRSI-based 

metabolic maps visualize static metabolic pools that may not be reflective of underlying 

dynamic metabolic processes. 13C MRS, especially when used with 13C-enriched substrates, 

is the gold standard for non-invasive detection of metabolic pathways and fluxes (2). While 
13C MRS remains an important research tool, it is not a clinically viable tool due to the low 

sensitivity and high technical complexity. Hyperpolarized 13C MRSI solves the sensitivity 

issues of conventional 13C MRS by creating and detecting a large non-equilibrium 

polarization. While there is a strong push, based on exciting preliminary results (3), to bring 

hyperpolarized 13C MR to the clinic, the technical challenges related to hyperpolarization, 

substrate administration and fast MRSI, the high costs as well as the supraphysiological 13C-

labeled substrate doses are formidable hurdles that currently appear to prevent clinical 

integration.

Recently, deuterium (2H or D) metabolic spectroscopy (DMS) and metabolic imaging (DMI) 

have been demonstrated as simple, but powerful alternatives to 13C-based metabolic 

techniques (4,5). DMS and DMI are characterized by simple MR acquisition methods (pulse 
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and acquire DMS, extended with phase-encoding for DMI), no need for water or lipid 

suppression, relatively high MR sensitivity and the availability of a wide range of affordable 
2H-enriched substrates. While the clinical importance of DMI is, at this time, by no means 

certain and heavily relies on finding ‘killer applications’, this perspective makes the case that 

DMI is an intrinsically robust method that is ideally suited for translation from a research 

tool to a clinical environment.

The use of deuterium as a metabolic tracer for 2H studies in vivo was recognized early on in 

the previous century. However, initial studies on 2H lethality, the availability of other 

isotopes such as 13C and 15N and potentially large 2H kinetic isotope effects may all have 

contributed to the loss of interest in 2H as an isotopic tracer by the MR research community. 

Similarly, the advantages of 2H NMR were well known early on, although often dampened 

by apparent disadvantages regarding linewidths, resolution and sensitivity. The history that 

led up to the development of DMI is one of missed opportunities and misconceptions and 

represent an example of rediscovering lessons of the past. The title used for this Perspective 

therefore alludes to the knowledge available in the past about 2H NMR characteristics, as 

well as the realization of the potential – then and now – for use of 2H in future metabolic 

(imaging) studies.

Historical overview

The potential of 2H as a stable isotope tracer in studies of intermediary metabolism was 

recognized soon after its discovery by Urey et al. in 1932 (6). In a series of more than a 

dozen papers published between 1935 and 1938 (7–9), Rittenberg and Schoenheimer used 
2H-enriched compounds to lay the foundation for studying dynamic metabolism, concluding 

with the statement that ‘the number of possible applications of this method appears to be 

almost unlimited’ (7). Despite this promise, the use of stable isotopes was soon 

overshadowed by the rise of radioactive isotopes such as 3H or 14C that were cheaper to 

prepare, administered at low tracer dosages and easier to detect with higher sensitivity using 

autoradiography. Concerns over the administration of radioisotopes to human subjects in 

conjunction with the development of sensitive detection methods for stable isotopes have re-

energized the interest in the use of stable isotope tracers to study metabolism.

In 1939 Kellogg et al. (10) determined the nuclear magnetic moment of deuterium using 

molecular beam MR measurements. Following the discovery of NMR in bulk matter by 

Bloch (11) and Purcell (12) the relaxation properties of heavy water were briefly described 

by Bloembergen et al. (13) in their classic paper on relaxation. After these initial studies, the 
2H NMR field was largely stagnant, presumably due to the apparent disadvantages related to 

quadrupolar line broadening, short relaxation times, low natural abundance and small 

chemical shift dispersion. The lack of significant early 2H NMR studies, in addition to the 

absence of high-quality solvent suppression methods, likely contributed to deuterium 

becoming the standard choice for non-protonated solvents and magnetic field locking. Since 

then 2H NMR has been used in the study of (partially) oriented molecules, membranes and 

complex formation as reviewed by Mantsch et al. (14).

The first use of deuterium NMR in vivo, to the best of our knowledge, did not appear until 

1986 when Brereton et al. (15) studied 2H label incorporation in triglycerides during and 
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following the administration of heavy water in mice. In 1989 this work was expanded by a 

more substantial report from the same group on 2H-detected lipid synthesis in obese and 

diabetic mice (16). Ackerman et al. (17) employed heavy water as a freely diffusible tracer 

to study blood flow and tissue perfusion. Around the same time as the first in vivo 2H MRS 

studies, Ewy et al. (18) and Muller and Seelig (19) described the first deuterium-based MR 

imaging experiments. Irving et al. (20) reported the insensitivity of 2H NMR towards 

paramagnetic contributions to the water linewidth, thereby allowing high-quality 2H MR 

spectra of the liver despite the presence of a high iron load.

London and coworkers (21,22) used deuterated methionine to study its catabolic pathways in 

rat liver. The deuterated methyl group provided excellent sensitivity and allowed the 

detection of multiple breakdown products, including sarcosine. Eng et al (23) used the high 

sensitivity provided by nine equivalent deuterons in 2H9-choline to study choline uptake and 

metabolism in rabbit kidney. Observed metabolic breakdown products included 2H9-betaine, 

whereas the high sensitivity afforded 2H MRI of the choline distribution across the kidney. 

Katz-Brull et al. (24) used 2H9-choline to study tumor metabolism in mice.

Taken together these early in vivo studies demonstrated some favorable features of 2H NMR, 

including insensitivity towards magnetic field inhomogeneity, enhanced sensitivity afforded 

by rapid signal averaging, sparsity of the 2H NMR spectrum and a technical simplicity. As 

succinctly expressed by London in an early review (25), ‘the major advantage of using 

deuterium as an in vivo tracer is the extreme technical ease with which studies can be carried 

out’. Despite the promise presented by these early studies, 2H NMR studies in vivo were 

published only sporadically, and were overshadowed by the success of 1H, 13C and 31P 

NMR studies of metabolism.

In parallel with 2H NMR reports using primarily heavy water in vivo, a small number of 

reports appeared on the use of 2H-labeled glucose to study metabolism in vitro. Barrow et al. 

(26) and Aguayo et al. (27) used 2H-labeled glucose to study bacterial metabolism. Aguayo 

et al. (28,29) and Berkowitz et al. (30) used 2H-labeled glucose to detect metabolism in 

retinas. Goodman et al. (31) used [6,6’−2H2]-glucose to study liver glycogen synthesis, 

whereas Hotchkiss et al. (32) focused on metabolism in red blood cells and its response to 

sepsis. Ben-Yoseph et al. (33) identified sources of 2H label loss during glycolysis when 

using [1-2H] and [6,6’−2H2]-glucose.

In 2017 Lu et al. (4) reported, following preliminary work of Mateescu et al. (34), the first in 
vivo 2H NMR study of [6,6’−2H2]-glucose metabolism in rat brain. At 16.4 T they were able 

to obtain high-quality 2H NMR spectra in just 15 seconds (TR 300 ms, 50 averages) that 

were used to acquire dynamic 2H MRS data during and following a bolus of [6,6’−2H2]-

glucose. Using metabolic modeling the data yielded quantitative values for metabolic 

pathway fluxes, including the tricarboxylic acid cycle. As an alternative to dynamic MRS 

with high temporal resolution, De Feyter et al (5) used the high 2H MR sensitivity to 

generate steady-state metabolic maps of glucose, glutamate+glutamine (Glx) and lactate in 

rat and human brain (Fig. 1). The metabolic maps of lactate and Glx obtained with 

deuterium metabolic imaging, or DMI, were converted into a Warburg effect (Lac/Glx) map 

showing the relative dominance of non-oxidative over oxidative energy metabolism. The 
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Warburg effect map showed high contrast-to-noise between tumor and normal tissue. These 

studies re-emphasized the robustness of 2H MR acquisitions in vivo due to their technical 

simplicity. In addition, with the advent of higher magnetic fields and improved RF coil and 

spectrometer configurations, the sensitivity of 2H MR is now high enough to 1) challenge 

and exceed the sensitivity of 13C NMR and 2) provide metabolic imaging at a spatial 

resolution sufficient for research and clinical applications.

Since the first publications on DMS (4) and DMI (5), many researchers around the world are 

in the process of setting up 2H MR acquisitions at their local institution. This has resulted in 

17 DMI-related abstracts at the 2019 and 2020 ISMRM annual meetings and seven DMI-

related peer-reviewed publications in 2020 alone. de Graaf et al. (35) showed that the 

sensitivity of DMI scales supralinear with magnetic field strength, providing excellent 2H 

NMR spectra from human brain at 7 T from 1 mL voxels. Kreis et al (36) found a suitable 

trade-off between temporal and spatial resolution to map [6,6’−2H2]-glucose glycolytic flux 

dynamically in mouse flank tumors. Riis-Vestergaard et al. (37) used [6,6’−2H2]-glucose to 

discriminate between glucose uptake and metabolism in cold-acclimatized and 

thermoneutral brown adipose tissue in rats. Ye et al. (38) and Mahar et al. (39) used DMS 

and DMI to extract novel parameters on the underlying metabolic pathways. Rich et al. (40) 

used an inverse detection scheme in which the decrease in 1H MR signal is observed 

following the administration of [6,6’−2H2]-glucose. Von Morze et al. (41) compared 

hyperpolarized 13C MR of [1-13C]-pyruvate with DMI of [6,6’−2H2]-glucose in the 

characterization of cerebral energy metabolism. Straathof et al. (42) have demonstrated the 

utility of DMI in a rodent model of ischemic stroke.

MR characteristics of deuterium

T1 and T2 relaxation and sensitivity

Deuterium has a spin 1 with a Larmor frequency that is, at 6.55 MHz per tesla, circa 6.5 

times lower than for proton. The quadrupolar moment of deuterium leads to relatively short 

T1 and T2 relaxation times. Figure 2 summarizes T1 and T2 relaxation times for deuterated 

compounds in brain tissue in vivo and phantoms in vitro (4,5). Overall the T1 relaxation 

times for water in vivo are around 350 ms with no significant dependence on the magnetic 

field strength (Fig. 2A). Glucose and Glx relax faster, with T1s around 50–60 ms and 150–

200 ms, respectively. Lactate, as measured in postmortem brain tissue in situ, has a longer 

T1 of circa 300 ms. The T2 relaxation time constants in vivo are generally below 50–60 ms 

for metabolites and around 20–30 ms for water, respectively (Fig. 2B). The T2 relaxation 

time constants display a tendency to decrease with increasing magnetic field strength. The 

favorable T1/T2 ratio allows extensive signal averaging to improve the 2H MR sensitivity, 

while retaining a sufficiently high spectral resolution to allow the separation of water, 

glucose, Glx and lactate at magnetic field strengths suitable for in vivo NMR. In the DMS 

and DMI studies published to date a repetition time of 140 – 400 ms with excitation nutation 

angles of 50° – 90° have been used. While these settings produce fully-relaxed glucose 

signals, the signals from water, Glx and lactate will display partial signal saturation. When 

attempting quantitative DMS or DMI studies, this effect will need to be taken into account 

with a T1 and B1-dependent correction. The T1 and T2 relaxation time constants for water in 
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vitro are similar around 400 ms as expected in the extreme narrowing limit (43). A long T2 

relaxation time constant is typically undesirable for realistic phantoms aimed at mimicking 

the in vivo situation. The T2 relaxation of water can be dramatically shortened, with only a 

modest effect on the T1 relaxation, by mixing water with 1.5% agar or with 5 mM MnCl2 

(Fig. 2C). The shorter relaxation times of deuterium are dominated by a quadrupolar 

relaxation mechanism, with a smaller contribution from dipolar relaxation with nearby 

protons and/or unpaired electrons. Since dipolar relaxation scales with the square of the 

gyromagnetic ratio, the dipolar contribution to deuterium relaxation is only ~2.4% of that 

contributing to proton relaxation. This is confirmed by the need for 5 mM (instead of 0.1 

mM for protons) quantities of MnCl2 to achieve significant shortening of deuterium T1 and 

T2 relaxation time constants. Irving et al. (20) used this feature to measure liver iron 

overload. Whereas the high iron levels broadened 1H NMR spectra beyond recognition, 2H 

NMR provided high-quality water spectra. T1 measurements of deuterated water in vivo 
provided a correlation with iron levels. The T1 and T2 relaxation parameters of 2H are 

relatively independent of the magnetic field strength. The T1 relaxation shows a trend of 

modest increase with magnetic field, whereas the T2 relaxation displays a modest decrease 

with magnetic field. These trends are in overall agreement with metabolite proton T1 and T2 

relaxation times (44), which is not surprising as the T1 and T2 dependence on the rotation 

correlation time and Larmor frequency has a similar functional form for dipolar and 

quadrupolar relaxation (43).

The 2H MR sensitivity scales supralinearly with the magnetic field strength B0 (35), close to 

the theoretical maximum for receive coils in which the noise is dominated by the RF coil 

(SNR ~ B0
1.75). A similar magnetic field dependence was demonstrated for small 30 mm 

diameter surface coils between 4.0 T and 11.7 T, as well as larger 80 mm diameter surface 

coils for human studies up to 7.0 T. The supralinear magnetic field dependence for 2H is 

similar to that of other lower frequency nuclei, such as 17O (45). The favorable SNR at 

higher magnetic fields would allow whole-brain DMI at 7.0 T with a spatial resolution of 1 

mL. The resolution of metabolic imaging, including DMI, is necessarily several orders of 

magnitude lower than a corresponding MRI. Whereas MRI is primarily based on a water 

signal that represents circa 75 M of protons, metabolic measurements are based on 

metabolite signals representing up to 30 mM of protons. While considerations regarding T1 

and T2 relaxation, gyromagnetic ratio and magnetic moment will change the balance 

slightly, the concentration difference between water and metabolites will always lead to a 

much lower spatial resolution for metabolic imaging. The lower spatial resolution leads to 

increased partial volume effects in which the spectroscopic volume covers multiple spatial 

regions visible in the MRI. Since the partial volume effect can dilute or even obscure the 

signal of interest (e.g., tumor lactate), it is important to set realistic expectations regarding 

the spatial resolution of the spectroscopic measurement relative to the size of the pathology 

under investigation. It should also be recognized that the nominal (cubic) MRSI voxel 

volume is always smaller than the actual MRSI voxel size dictated by the point spread 

function (44).
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Chemical shifts and scalar couplings

The chemical shifts of 2H NMR are very similar to those observed with 1H NMR. For the 

majority of compounds only minor differences of up to 0.06 ppm can be observed (46). 

However, when the molecule has significant intramolecular hydrogen bonding, then 

substitution with 2H can lead to shifts up to 0.6 ppm (47). In addition, deuteration of 

compounds can have a small effect on the pKa (48) which can become relevant for 

compounds with a pKa close to the physiological pH of 7 (acetate, imidazole). When 

detecting the presence of 2H indirectly, two-bond isotope shifts of circa −0.017 ppm per 

deuteron can be observed with 1H NMR and one-bond shifts of circa −0.235 ppm per 

deuteron for 13C NMR (Fig. 3F).

Scalar coupling interactions are generally scaled by the gyromagnetic ratio of the nuclei 

involved. Scalar couplings involving deuterium (e.g., 1H-2H) are therefore circa 6.5 times 

smaller than the corresponding scalar coupling involving protons (i.e., 1H-1H). 2H-2H scalar 

couplings are about 42 times smaller than a corresponding 1H-1H coupling. Since most 
1H-1H couplings are smaller than ~20 Hz, the corresponding 2H-2H couplings are generally 

below 0.5 Hz and not observable. Fig. 3A–D shows 1H and 2H spectra of glucose and 

glutamate in aqueous buffer (pH 7.0). The 1H NMR spectra (Fig. 3A/B) are characterized by 

extensive and often strong 1H-1H scalar couplings within glucose and glutamate. In the 

corresponding 2H NMR spectra (Fig. 3C/D) the 1H-2H and 2H-2H scalar couplings are not 

resolved, leading to a minor line broadening only. Proton decoupling could be used to 

remove the 1H-2H scalar couplings, although this has not produced significant signal 

enhancement in vivo (unpublished results). The spectral simplification achieved by the 

absence of significant scalar coupling improves both the sensitivity and simplicity of 2H 

NMR spectra. The 1H-2H scalar coupling can also be observed with 1H NMR, where the 

small coupling typically manifests itself as a line broadening. 2H decoupling during 1H 

NMR signal acquisition can remove the 1H-2H scalar coupling, thereby reducing the effect 

of deuterium to an isotope shift (Fig. 3F). Scalar coupling between 2H and 13C is readily 

observable in both 2H and 13C NMR spectra. The one-bond 2H-13C scalar coupling is 

generally in the range of 20–30 Hz and manifest itself as a doublet splitting in 2H NMR 

spectra. As deuterium is a spin-1 nucleus, the scalar coupling pattern for a 2H-13C spin-

system in 13C NMR is a 1 : 1 : 1 triplet. Additional splitting due to the presence of two or 

three deuterons is given by successive splitting of the triplet structure, providing quintet and 

septet multiplets with relative intensities of 1 : 2 : 3 : 2 : 1 and 1 : 3 : 6 : 7 : 6 : 3 : 1, 

respectively (Fig. 3F).

Natural abundance of deuterium
2H NMR spectra from tissues in vivo are characterized by a water signal originating from 

the natural abundance deuterium content (Fig. 4C). Depending on the tissue, signal from 

natural abundance lipids may also be detected. The deuterated water signal is small enough 

to eliminate the need for water suppression and presents a convenient internal concentration 

reference, provided that the tissue water content and natural abundance of deuterium are 

known.
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The deuterium natural abundance in water has traditionally been determined on standard 

mean oceanic water (SMOW) with an average value of 156 ppm (49), although variation up 

to 15% can be seen across water from different parts of the globe. Geographic and seasonal 

variations in 2H content are caused by isotopic fractionation associated with evaporation and 

condensation during the global water cycle that involves oceans, clouds, rainfall and rivers. 

Rossman and Taylor (50) define the representative deuterium isotopic content in fresh water 

in temperate climates and specify a value of 115 ppm, which was subsequently adopted by 

the IUPAC recommendations on NMR nomenclature (51). Depending on the exact natural 

abundance value used, the concentration of water deuterons in tissue with a 70% water 

content ranges between 8.9 and 12.1 mM. In addition to the global variation in 2H natural 

abundance, a DMI study will raise the water 2H content. Given enough time, essentially all 

the deuterium from administrated [6,6’−2H2]-glucose will end up in the body water pool, 

raising the HDO level by as much as 50% above natural abundance. If the tissue water signal 

is to be used as a quantitative concentration reference, the tissue 2H content will need to be 

established. As the 2H content of water is generally assumed to be constant throughout the 

body, a measurement of 2H content in readily accessible body fluids provides an easy route. 

In addition to other methods, like GC-MS, NMR itself is an excellent method to determine 
2H isotopic content in biofluids (52). Over time the body water 2H enrichment will gradually 

return to natural abundance levels as water is continually excreted and ingested. For humans, 

baseline levels will be reached in 4–5 weeks (53), whereas in mice the time period is 

reduced to less than 2 weeks (16).

Practical considerations for in vivo 2H NMR

Even though early in vivo NMR studies showed the potential of 2H NMR, it was not until 25 

years later that the stagnant in vivo 2H NMR field became re-energized by studies on high-

field DMS (4) and DMI (5). To understand the current interest in DMS and DMI it is 

informative to compare 2H-based metabolic imaging to other MR-based methods.

Proton MRS and MRSI has long been the primary target for metabolic imaging due to the 

high intrinsic sensitivity and high information content. In the hands of an expert MR 

spectroscopist, 1H MRSI can provide metabolic maps of more than a dozen metabolites, 

across the entire human brain at a sub-milliliter spatial resolution (1). However, in a more 

routine, clinical setting there are many potential problems and artifacts that can diminish the 

quality and usefulness of 1H MRSI. 1H MRS in general is characterized by water and lipid 

signals that are orders of magnitude larger than the metabolites of interest (Fig. 4A/B). Even 

though a wide range of water and lipid suppression techniques exist (44), they are usually 

only as good as the MR operator controlling their settings. Small errors in the placement of 

lipid suppression modules quickly overwhelm the metabolite signals rendering the metabolic 

image useless. Due to the higher gyromagnetic ratio, 1H NMR is highly sensitive to 

magnetic field inhomogeneity, which is still a standing challenge in a clinical setting. The 

lack of robustness is a main reason that 1H MRSI is not a major clinical metabolic imaging 

technique.

Chemical shift saturation transfer (CEST) MRI is becoming a popular alternative to direct 
1H MR spectroscopic investigations (54). During CEST-MRI, the magnetization of 
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metabolites is transferred to the large water signal through the use of specific saturation 

schemes. The high sensitivity afforded by the water signal allows high-resolution, 

‘metabolite-weighted’ images without the complications (water, lipid suppression) 

associated with 1H MRSI. Unfortunately, the CEST effect is only sufficiently strong for a 

limited number of metabolites (e.g., glutamate, creatine, glucose), while limited specificity 

and multiple exchange mechanisms complicate interpretation of CEST-MRI results.

Carbon-13 NMR has long been the primary MR technique for isotopic labeling studies. 

While 13C NMR does not require water suppression, it is still affected by large lipid signals 

that, even at 1.1% natural abundance, can quickly overwhelm smaller metabolite signals 

(Fig. 4D). In addition to the required spatial localization, 13C NMR is often executed with 

advanced MR methods (nuclear Overhauser enhancement, polarization transfer) to increase 

the intrinsically low sensitivity. Significant sensitivity enhancement and spectral 

simplification occurs with broadband proton decoupling during 13C MR acquisition. Despite 

the sensitivity enhancement methods, 13C NMR is typically still acquired from large 

volumes (> 50 mL in human brain) to achieve sufficient SNR. While being an important and 

powerful research tool (2), the complicated, RF-power-intensive acquisition methods 

combined with the low sensitivity, have prevented 13C NMR from having clinical impact. 

More recently, hyperpolarized 13C MR has been developed as a metabolic imaging 

technique (3). By hyperpolarizing specific compounds (e.g., [1-13C]-pyruvate), the method 

overcomes the sensitivity limitations, albeit only for a few minutes as the hyperpolarized 

spins relax back to thermal equilibrium. Impressive results have been obtained in a limited 

number of expert research laboratories (3). Due to the complicated technical setup, 

supraphysiological substrate levels and limited lifetime of the hyperpolarized spin state, it 

remains to be seen if hyperpolarized 13C metabolic imaging will reach status of a clinically 

relevant technique.

Unlike the acquisition of 1H, 13C or hyperpolarized 13C MRS(I), the acquisition of 2H DMS 

or DMI is extremely simple, involving the most basic pulse-acquire MR sequence. The 

simplicity is in large part based on the low 2H natural abundance that reduces the signal 

from concentrated, interfering compounds such as water and lipids, relative to the signal of 
2H-enriched metabolites of interest (Fig. 4C). As a result, the 2H MR signal from lipids is 

often at or below the noise level in global 2H MR spectra (Fig. 4C). While 1H and 2H NMR 

are equally sensitive to magnetic field inhomogeneity (in ppm), the lack of large signals and 

the sparsity of 2H MR spectra make such effects much less detrimental. A decreased 

magnetic field homogeneity quickly leads to poor water suppression and increased spectral 

overlap in dense 1H MR spectra. The same inhomogeneity during DMI will only lead to 

some line broadening. These statements are supported by the observation of high-quality 2H 

MR spectra from the rat olfactory bulb region and the human frontal cortex (5), areas that 

are notoriously inhomogeneous.

The simple DMI acquisition methods also lead to low RF power deposition, a consideration 

that always plays a role with 1H and 13C MR studies where extensive outer volume 

suppression modules, refocusing pulses and broadband decoupling can make it challenging 

to adhere to the specific absorption rate (SAR) safety guidelines. In addition, the long 

wavelength inherent to the low frequency of 2H MR guarantees that standing wave effects, 
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that complicate human 1H MR studies at high magnetic fields, do not play a role. Taken 

together, all these features make DMS and DMI extremely robust against experimental 

imperfections and essentially provides good quality data on every subject. Notwithstanding 

problems not directly related to 2H MR (e.g., ventilation, infusion lines), DMI acquired on 

15 human subjects and over 100 rodents have resulted in close to 100% success rate with 

90+% of the data within the brain deemed useful. This level of robustness, which essentially 

mirrors that of MRI, is an important feature for DMI to attain clinical significance.

Biological effects of deuterium

Soon after the discovery of deuterium by Urey (6), researchers became intrigued about its 

biological effects. Initial studies focused on the compatibility of life in the presence of high 

levels of deuterated water. While some microorganisms flourished in ≥ 90% D2O, the 

majority of vertebrate life did not survive in the presence of 2H water enrichments in excess 

of 50%. While the exact mechanisms were never fully deduced, very high deuterium levels 

resulted in multiple organ failure (55). These early studies likely contributed to the 

misconception that drinking heavy water is poisonous. However, subsequent research in 

animals and humans at 2H enrichments below 15% has revealed little or no adverse 

biological effects and has been reviewed in multiple papers (55–59).

Human studies involving deuterated water can be found in the areas of whole body 

metabolism, cell proliferation and DNA synthesis (60–62). In a typical study the subject 

drinks 50 mL of D2O for several days to weeks, in which the body 2H enrichment can reach 

0.5 – 1.5 %. These doses and enrichments, as well as experiences with heavy water in 

humans in general, have been deemed safe with no adverse effects. The only known acute 

side effect is transient vertigo or nausea which may occur following the initial D2O intake. 

These symptoms are apparently due to the hair cells of the inner ear vestibular apparatus 

detecting differences in bulk flow properties of water during the transient period of changing 
2H enrichment. Administering the D2O slowly or using lower enriched D2O can further 

reduce these symptoms (60). In a typical DMI study involving human subjects, [6,6’−2H2]-

glucose is administered at a dose of 0.75 g per kg body weight. A dose of 60 g corresponds 

to 330 mmol glucose or 660 mmol 2H. An 80 kg human subject with a 70% water content 

contains 716 mmol natural abundance 2H (0.0115 %). The deuterons from [6,6’−2H2]-

glucose will, via metabolic breakdown, primarily end up in the body water, so that the body 

water 2H content rises from 716 mmol to 1376 mmol or equivalently from 115 ppm to 221 

ppm enrichment. The relatively small amount of 2H associated with DMI studies based on 

[6,6’−2H2]-glucose therefore raises the 2H enrichment by only a modest amount. Performing 

5 DMI scans longitudinally keeps the overall body 2H enrichment well below 0.1%, even 

when assuming that no 2H leaves the body throughout the longitudinal study.

While all human studies that involve deuterium keep the overall body 2H enrichment well 

below 1%, the use of deuterated substrates such as [6,6’−2H2]-glucose can raise the blood 

substrate 2H enrichment during and shortly after administration to levels well in excess of 

15%. Depending on the exact route of administration (intravenously or oral) and starting 

plasma glucose levels, the 2H enrichment of blood glucose can reach 60 – 75%. It is well 

known that the replacement of protons with deuterons can lead to a large kinetic isotope 
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effect (KIE) in which reaction rates in the presence of deuterium (kD) are reduced relative to 

those involving only protons (kH). Even though a KIE can be expected for any isotope, the 

large relative mass increase during the replacement of 1H with 2H leads to the theoretically 

largest KIE = kH/kD of > 7, depending on the type of chemical bond and the temperature 

(63). While large deuterium KIEs can be observed for select chemical reactions, the majority 

of in vitro reactions are characterized by KIEs closer to unity (55,64). A KIE for an 

individual enzyme will only have a large effect on the flux through an entire metabolic 

pathway in vivo if that the enzyme is rate-limiting. While KIE measurements in vivo are 

sparse, data from Funk et al. (65) on KIEs of [U-2H7]-glucose in rat heart and our own data 

on KIEs of [6,6’−2H2]-glucose in rat brain and tumor cells (66) all indicate a very small KIE 

for glycolytic glucose metabolism. While the KIEs for deuterated glucose in vivo appear 

small, they need to be established for every unique substrate and possibly even for each 

position within a substrate. Despite the presence of a small KIE, the safety of deuterated 

glucose for human use is well established by extensive studies of human body metabolism 

(67), as well as studies in infants (68).

2H label loss or 2H solvent exchange processes

Label loss is common to all isotope tracer methods. For example, the metabolic fate of 

[U-13C6]-glucose breakdown through glycolysis and the tricarboxylic acid (TCA) cycle can 

be followed with 13C NMR. Whereas the majority of 13C label ends up in TCA cycle 

intermediates, the 13C label in the glucose C3 and C4 position is ‘lost’ as carbon dioxide in 

the conversion from pyruvate to acetyl-CoA by pyruvate dehydrogenase. The 13C label is 

considered ‘lost’ as it becomes part of a large carbon dioxide or bicarbonate pool that no 

longer provides information on specific metabolic pathways. The 13C label from the C1, C2, 

C5 and C6 glucose positions is transferred to TCA cycle intermediates, glutamate, glutamine 

and other compounds and provides a rich and powerful window into glucose metabolism. 

Given enough time however, the 13C label from all glucose positions ends up, via multiple 

turns of the TCA cycle, in the non-specific carbon dioxide pool.

DMS and DMI studies have to deal with loss of 2H isotope label to the non-specific water 

pool. Most forms of 2H label loss can be deduced from the overall stoichiometry of the 

chemical reactions involved, occurring when the number of protons on a given carbon 

position is reduced (Fig. 5). For example, during the conversion of glyceraldehyde-3-

phosphate (GADP) to 1,3-bisphosphateglycerate (1,3-BPG) an aldehyde group is oxidized 

and phosphorylated leading to the removal of a proton (or deuteron) that originally came 

from the glucose C3 or C4 position. The fact that phosphoenolpyruvate (PEP) has no 

protons on the C1 and C2 positions means that the 2H label loss from the C2, C3, C4 and C5 

positions of glucose is 100% during glycolysis. To study glycolysis and other downstream 

pathways, glucose should be deuterated in the C1, C6 or both positions. Other sources of 2H 

label loss are less obvious and do not follow directly from the overall reaction stoichiometry. 

For example, pyruvate can exist in both enol and keto forms (Fig. 6A), in which the 

conversion involves the removal or addition of a proton from water. The enol-keto tautomer 

equilibrium can lead to 2H label loss in the C3 position of pyruvate. Additional signal loss 

specific for the C1 position of glucose occurs in the presence of pentose phosphate pathway 

(PPP) activity. Phosphomannose isomerase (PMI) activity further increases the 2H label loss 
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from the glucose C1 position. To label metabolites downstream from pyruvate, i.e., lactate 

and glutamate, the best substrate is [6,6’−2H2]-glucose. [U-2H7]-glucose will provide a 

slightly higher SNR due to the 2H label on the C1 position, but will also generate a lot more 

deuterated water signal. Knowledge on the exact amount of 2H label loss is required to 

quantitatively model 2H label flow through metabolic pathways to determine absolute 

metabolite fluxes. 2H label loss can be determined with 1H or 13C NMR as shown in Fig. 3E 

and F, in which the loss of a deuteron leads to a different isotope shift and/or scalar coupling 

pattern. Fig. 6B/C summarizes the 2H label distribution in the end product of anaerobic 

glycolysis (lactate or ethanol (yeast)) when using [6,6’−2H2]-glucose (5,69) or [U-2H7]-

glucose (39,65). Despite being measured in a number of different systems (cancer cells, rat 

brain and yeast), the label distribution is very similar, indicating that the label loss is specific 

for the underlying metabolic pathways and not the organism. The 2H label distribution in 

lactate when using [U-2H7]-glucose is different due to the additional 2H label loss 

mechanisms for the C1 position of glucose. However, the label distribution is again very 

similar for identical metabolic pathways in heart (65) and in tumor cells (39). When working 

with a closed system (e.g., cancer cells in a cell culture medium flask) the 2H-labeled water 

can function as a sensitive readout of the underlying metabolic pathways (39). For in vivo 
systems, however, the metabolically generated D2O in the local tissue of interest quickly 

exchanges with the large body water pool. The rise in D2O signal during an in vivo 
[6,6’−2H2]-glucose or [U-2H7]-glucose study is thus largely reflective of whole-body 

metabolism.

Accumulation of 2H label in Glx (Fig. 1) is direct experimental evidence that at least part of 

the 2H label is retained during the first four steps of the TCA cycle, from acetyl-CoA to α-

ketoglutarate. Part of the 2H label is lost during the conversion from citrate to cis-aconitate 

with further losses linked to the conversion from iso-citrate to α-ketoglutarate. Further 

downstream in the TCA cycle, 2H label losses continue to accumulate, leading to a complete 

elimination of 2H label at the beginning of the second turn of the TCA cycle. Unlike 13C 

NMR where continued label accumulation in subsequent turns of the TCA cycle leads to 
13C-13C isotopomers with labeling in adjacent carbon positions, 2H label does not appear in 

positions other than the C4 position of Glx (Fig. 6D/E). The C2 position of Glx is never 

deuterated since the precursor, α-ketoglutarate, is proton-free in the corresponding position. 

Similarly, the C3 position of Glx is unable to receive deuterons since the TCA cycle 

intermediates citrate and cis-aconitate are proton-free in that position. The lack of labeling in 

the C2 and C3 positions of Glx excludes the use of DMI in the study of certain metabolic 

pathways, such as pyruvate carboxylation during astroglial anaplerosis.

Deuterium-based metabolic studies can be performed dynamically to capture the time-

dependent incorporation of 2H label into a range of downstream metabolites or be performed 

once metabolic steady-state has been achieved. A steady-state measurement provides insight 

into the presence of active metabolic pathways, whereas a dynamic measurement can also 

provide the metabolic flux through those pathways. Whereas a dynamic study provides a 

higher information content and inherently includes the steady-state measurement, it is 

accompanied by increased DMI acquisition and processing demands, increased logistical 

complexity and potentially reduced subject compliance. The acquisition of dynamic DMI 

data automatically means that spatial resolution needs to be traded for increased time 
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resolution, leading to reduced spatial resolution and increased partial volume effects. 

Extracting metabolic fluxes from the dynamic data requires a quantitative metabolic model 

that includes 2H label losses for the 2H-labeled substrate and products under investigation. 

While research is now appearing to establish 2H label loss for several substrates and 

organisms (e.g., Fig. 5), more research is needed to verify that 2H label losses are pathway-

specific, independent of the organism or condition. Dynamic studies are logistically more 

complex due to the need for additional personnel and equipment to achieve intravenous 

substrate infusion and blood sampling. While oral substrate administration can be used, an 

optimized intravenous infusion that achieves a rapid increase in blood substrate 

concentration and enrichment will lead to the most accurate metabolic flux determination 

(70). Blood sampling is typically required to ensure safe and stable blood substrate levels 

and to characterize the arterial input function for quantitative metabolic modeling. Since 

metabolic flux determinations need to span both the dynamic and steady-state periods of 2H 

label accumulation, a dynamic DMI scan would generally be longer and challenge patient 

compliance more than a steady-state DMI scan. While the determination of absolute 

metabolic fluxes has intrinsic value, it seems likely that practicality favors a steady-state 

measurement with oral glucose administration in clinical settings.

DMI can utilize a large number of 2H-labeled substrates to probe a wide range of metabolic 

processes. Deuterated glucose, acetate, choline and methionine have previously been used to 

probe in vivo metabolism. The metabolic substrates used for conventional and 

hyperpolarized 13C MR studies can, with some caveats, also be used for DMI. The main 

considerations in switching from 13C to 2H are (1) retention of the 2H label and (2) spectral 

resolution to separate signals from substrate and metabolic products. For example, [2-13C]-

glucose has been used as a substrate to study the flux through anaplerosis. The 

corresponding deuterated analog, [2-2H]-glucose, is unsuitable for this purpose as all 

deuterons in the C2 through C5 positions of glucose are lost during glycolysis. 2H9-choline 

provides a strong singlet resonance that is readily detectable with 2H MR methods. 

Unfortunately, the small 2H chemical shift dispersion does not allow the in vivo separation 

of 2H9-choline and signals originating from possible metabolic products, including 

phosphocholine and glycerophosphocholine. However, despite these limitations it seems 

likely that new compounds will continue to be explored given the availability of affordable 

and biologically relevant deuterated substrates.

Perspective and conclusion

In the era of personalized medicine, it becomes increasingly important to utilize non-

invasive imaging methods that are tailored to specific diseases and pathologies and to 

support the customized treatment for an individual. The power and flexibility of MRI 

provides an excellent starting point as it can be sensitized to a wide range of physiological 

relevant parameters, like perfusion, diffusion and oxygenation. It is becoming increasingly 

clear that in a number of pathologies early changes, as well as therapeutic interventions, are 

reflected in metabolism. Whereas the sensitivity of MRI towards metabolic processes is low, 

there are a number of MR-based metabolic imaging methods that have shown potential to fill 

this opportunity. Unfortunately, low MR sensitivity and technical complexity have prevented 
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MR-based metabolic imaging from reaching the status of a clinically viable technique that is 

comparable to FDG-PET.

Deuterium metabolic imaging or DMI is ‘the new kid on the block’ in the world of MR-

based metabolic imaging. Unlike previous MR methods, DMI has a number of intrinsic 

characteristics that immediately puts it ahead of other metabolic imaging methods. First and 

foremost, DMI utilizes simple MR methods that makes it intrinsically robust and 

independent of MR operator expertise. The robustness is further enhanced by the absence of 

water and lipid suppression. The low gyromagnetic ratio in combination with the sparsity of 

the MR spectrum makes DMI minimally impacted by magnetic field inhomogeneity. Finally, 

the favorable T1 and T2 relaxation times afford high sensitivity while retaining a sufficiently 

high spectral resolution.

As with all other metabolic imaging methods, DMI has demonstrated good preliminary data 

(Fig. 1) in a clinically relevant setting. While this is certainly the first step towards becoming 

a clinically viable method, DMI still has many technological and clinical hurdles to 

overcome. Most important is to find and define applications and/or pathologies for which the 

information provided by DMI adds significant value for the clinical decision making 

process. While it is too early to hone in on specific applications, areas for which DMI is 

likely to provide novel information include cancer, diabetes, neurological diseases and 

essentially any pathology with a metabolic component. Illustrating DMI’s clinical potential 

will require the collaboration of researchers, clinicians, and ideally also industry partners to 

make the method available clinically. MR systems will need to be equipped with non-proton 

amplifiers and 1H/X RF coils. While this is largely a monetary, non-technical hurdle, it has 

prevented many other non-proton MR methods from being implemented on clinical MR 

scanners. Compared to the extensive infrastructure required for routine FDG-PET, 

implementing DMI on clinical scanners appears trivial. Offering DMI capabilities on clinical 

scanners would certainly increase the speed at which the true value of DMI for different 

applications can be established. Research-focused sites can and will continue to improve the 

methods and explore various applications. But if clinicians have no access to the technology, 

DMI will remain a research-specific method only.

While a direct DMI / FDG-PET comparison has not been reported yet, the information 

content of DMI using [6,6’−2H2]-glucose is at least similar, but likely more detailed than 

FDG-PET. In combination with an appropriate metabolic model, the appearance of 

[6,6’−2H2]-glucose in the tissue under investigation is indicative of glucose transport, 

whereas formation of downstream 2H-labeled metabolic products (e.g., glutamate, lactate) 

provides additional information of glucose metabolism. The choice of DMI over FDG-PET 

will likely come down to availability, practicality and specific applications. While PET is 

relatively common, it is not as widespread as MRI so that in many hospital settings DMI 

may be the only available option. In addition, FDG-PET provides relatively low contrast for 

brain tumors due to the high normal glucose uptake in surrounding brain tissue. DMI 

provides high-contrast metabolic images in brain (Fig. 1) due to its ability to detect specific 

downstream metabolites. Yet, in tissues without high background glucose uptake, FDG-PET 

will normally outperform DMI for detection of small lesions. Other substrates than glucose 

(e.g., acetate, choline) can also be used. These substrates are also available as a PET imaging 
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agent, but often rely on the short-lived 11C, which require an on-site cyclotron. The currently 

commercially available 2H-labeled substrates, combined with the possibility of detecting 

downstream metabolites expand the opportunity for finding unique metabolic markers 

specific for a given condition, using DMI.

If DMI does not reach the status of a clinical method, it is likely that DMI will become an 

important metabolic imaging method in basic and clinical research. Areas that require 

further technical exploration include optimization of the temporal, spatial and spectral 

resolution of DMI, combining DMI with other MR-based metabolic imaging methods and 

extending the number of deuterated substrates of interest. Due to the favorable magnetic 

field dependence, DMI has the potential to excel at 7 T without the many complications that 

accompany proton MR at high field. The additional or complementary information content 

that DMI provides compared to a standard 1H MRSI is still an open question. While it is 

likely that DMI will provide complementary information, DMI still has the advantage of 

technical robustness even when the information content would be comparable. Whereas this 

review has largely focused on deuterated glucose as metabolic substrate, DMI can be 

combined with a wide range of affordable deuterated substrates that include acetate, choline, 

methionine and potentially ketone bodies as well.

The characteristics of 2H have been known since the early days of NMR. Yet, despite the 

widespread use of 2H as a label for metabolic studies, the concept of combining 2H-labeled 

substrates with in vivo MRS(I) has only recently started to generate significant interest. With 

several groups further investigating basic aspects of deuterium’s use, as well as ongoing 

efforts to explore (pre)-clinical applications of metabolic imaging, the future of DMI looks 

very bright.
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The promise of deuterium as a metabolic tracer was recognized soon after the discovery 

of chemical isotopes.

Deuterium NMR has only seen sporadic applications due to apparent downsides related 

to relaxation and resolution.

The short relaxation times, low natural abundance and sparsity of the spectra are 

advantages for in vivo deuterium NMR.

Deuterium metabolic imaging (DMI) is a robust method to map metabolism of deuterated 

substrates non-invasively in 3D.
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Fig. 1. 
The future of deuterium metabolic imaging (DMI) as an integral part of MR-based clinical 

diagnosis. (A) Clinical MR images acquired as standard-of-care in a patient diagnosed with 

glioblastoma multiforme (GBM) in the right frontal lobe. MR images include T2-weighted 

fluid-attenuated inversion recovery (T2W FLAIR), T1-weighted contrast-enhanced imaging 

(T1W CE), susceptibility-weighted imaging (SWI) and diffusion-weighted imaging (DWI). 

(B) Metabolic image depicting the lactate/Glx ratio or Warburg effect ratio as calculated 

from DMI-based metabolic maps obtained circa 60–75 min following oral [6,60 −2H2]-

glucose administration. The 3D DMI lactate/Glx ratio map is combined with a 3D T2W 

MRI. (C, D) Single-voxel 2H NMR spectra extracted from the 9 × 13 × 11 DMI data in (C) 

normal-appearing occipital lobe (white square, dotted line) and (D) within the lesion (white 

square, solid line). Glc, Glx and Lac refer to the administered metabolic substrate, [6,60 

−2H2]-glucose, and the primary metabolic products, [4–2H]-glutamate + glutamine and [3–

2H]-lactate, respectively. Original data and extended experimental details can be found in De 

Feyter et al, Sci. Adv. 4, eaat7314 (2018).
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Fig. 2. 
Deuterium T1 and T2 relaxation time constants in brain in vivo and phantoms in vitro. (A) 

2HT1 relaxation time constants measured for natural abundance water,[6,60 −2H2]-glucose 

and [4–2H]-glutamate + glutamine in human (4 T) or rat brain (11.7 T and 16.4 T) in vivo 

and [3–2H]-lactate on rat brain post mortem (11.7 T). The inversion-recovery-based T1 

values determined at 4 T/11.7 T and 16.4 T were reported by De Feyter et al (5) and Lu et al 

(4), respectively. (B) 2HT2 relaxation time constants measured for natural abundance water, 

[6,60 −2H2]-glucose and [4–2H]-glutamate + glutamine in human (4 T) or rat brain (11.7 T) 

in vivo and [3–2H]-lactate on rat brain post mortem (11.7 T). All T2 values were based on 

Hahn spin-echo measurements. (C) 2HT1 and T2 relaxation time constants for natural 

abundance water in vitro. Measurements were performed on deionized water, deionized 

water mixed with 1.5% agar and deionized water mixed with 5 mM MnCl2. All bars 

represent mean ± SD.
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Fig. 3. 
Chemical shift and scalar coupling effects in deuterated compounds. (A) 1H NMR spectrum 

of glucose in aqueous buffer (pH 7.0) shows a complex splitting pattern for the signals 

between 3.6 and 4.0 ppm due to extensive homonuclear scalar coupling and the anomeric 

forms of glucose. (B) 1H NMR spectrum of the H4/H40 protons in glutamate display a 

similarly complex pattern due to strong homonuclear scalar coupling. (C, D) 2H NMR 

spectra of (C) [6,60 −2H2]-glucose and (D) [2,4,40 −2H3]-glutamate in aqueous buffer. The 

complex 1H NMR patterns have essentially collapsed to singlet resonances for [2–2H]-

glutamate (not shown) and [4,40 −2H2]-glutamate and a four-peak spectrum for [6,60 
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−2H2]-glucose due to the anomeric forms and the different chemical shifts for the 2H6 and 

2H60 positions. Note that all spectra in (A-D) are in units of hertz, allowing a direct 

comparison between the 1H and 2H line widths. (E) 1H NMR spectrum of rat brain extract 

obtained two hours following the intravenous infusion of [6,60 −2H2]-glucose. The lactate 

signals at circa 1.3 ppm are dominated by non-deuterated lactate with smaller contributions 

from single and double-deuterated forms. Without 2H decoupling (lower trace) the 

deuterated lactate signals are broad and difficult to quantify due line broadening as a result 

of 1H–2H scalar coupling (2J(1H–2H) ~ 1 Hz). 2H decoupling (upper trace) effectively 

removes the effects of 1H–2H scalar coupling, thus reducing the lactate multiplets to 

doublets. Lactate, [3–2H]-lactate and [3,30 −2H2]-lactate can be separately quantified due to 

the deuterium isotope shift of circa −17 ppb per attached deuteron. (F) 13C NMR spectrum 

with broadband 1H decoupling of a solution containing 100 mM [1,2–13C2]-acetate and 100 

mM [2H3,2–13C]-acetate in aqueous buffer. The triple deuterated acetate signal is 

characterized by a large isotope shift of circa −235 ppb per deuteron and extensive 2H–13C 

scalar coupling (1J(2H–13C) ~ 20 Hz) that gives rise to a 1:3:6:7:6:3:1 septet multiplet. A 

small amount of double-deuterated acetate contamination can be observed as a 1:2:3:2:1 

quintet signal (gray lines). All data was acquired at 11.7 T, providing Larmor frequencies of 

500.1, 76.7 and 125.7 MHz for 1H, 2H and 13C, respectively.
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Fig. 4. 
Dynamic range difference between signals of interest (glutamate and lactate) and interfering 

signals (water and lipids) in 1H, 2H and 13C NMR spectra of the human head. All 

experimental signals are obtained with transmit-receive surface coils (circa 90 mm diameter) 

tuned to the Larmor frequency under investigation and acquired with a pulse-acquire 

method. The transmit power of the excitation pulse was adjusted to approximately match the 

detection volumes for 1H, 2H and 13C NMR. Experimental (A, B) 1H NMR spectrum 

(black line, TR = 3000 ms, 1 average), (C) 2H NMR spectrum (black line, TR = 333 ms, 180 

averages) and (D) 13C NMR spectrum (black line, TR = 3000 ms, 128 averages) obtained 

from human head. The signals of interest (glutamate and lactate for 1H and 13C, and 

glutamate + glutamine (Glx) and lactate for 2H) are indicated by light gray lines as Gaussian 

lines with the amplitudes scaled to approximate natural abundance for 1H and a steady-state 

enrichment for 2H and 13C following the administration of [6,60 −2H2]-glucose or [1–

13C]-glucose, respectively. Note that experimental and simulated spectra have the same 

vertical scale, except in (B) where the experimental and simulated 1H spectra are scaled by 

50 and 500, respectively, as compared to (A).
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Fig. 5. 
Deuterium label flow through glycolysis and the TCA cycle. Using [6,60 −2H2]-glucose as 

metabolic substrate results in 2H label transfer, via the glycolytic pathway, to the methyl 

groups of pyruvate, lactate and acetyl-CoA. Several glycolytic conversion and exchange 

reactions (see text for details) lead to loss of 2H label to the large, non-specific water pool, 

resulting in a non-stoichiometric relation between 2H-labeled substrate and product (i.e., 0 < 

x < 2). Following entry into the TCA cycle additional 2H label loss occurs after which the 

2H label ends up in the H4/40 position of glutamate and glutamine and the H2/H20 position 

of GABA (0 < y < x). Continuing down the TCA cycle will lead to complete 2H label loss 

(see also Fig. 6). The substrate [2H3]-acetate enters the metabolic pathways at the level of 

acetyl-CoA, thus bypassing glycolysis and the associated 2H label losses. Note that the 
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amount of 2H label, y, in downstream products is generally not the same when using [6,60 

−2H2]-glucose or [2H3]-acetate as substrate.
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Fig. 6. 
Deuterium label loss in 2H isotope labeling studies. (A) 2H label loss due to enol-keto 

tautomerism of pyruvate. (B, C) 2H label distribution in lactate of different organisms when 

using (B) [6,60 −2H2]-glucose or (C) [U-2H7]-glucose as metabolic substrate. * The 2H 

label distribution in yeast reflects that in the methyl group of ethanol, the product of 

anaerobic glycolysis during fermentation. See text for details and references. (D, E) Global 

2H MR spectra (TR 333 ms, 180 averages, 11.7 T) of rat brain in vivo 90 min following the 

intravenous infusion of (D) [6,60 −2H2]-glucose or (E) [2H3]-acetate (Ace). 2H label 

accumulates primarily in the H4/H40 position of glutamate and glutamine with a clear 

absence of labeling in the glutamate + glutamine H3/H30 (at ~ 2.1 ppm) and H2 (at ~ 3.7 

ppm) positions (red arrows). Note that the water signal is substantially higher in (E) since a 

typical [2H3]-acetate infusion delivers circa three times more 2H label to the animal as 

compared to a [6,60 −2H2]-glucose study. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.)
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